Introduction
The experimental determination of the physical shape and potential profile of quantum dots (QDs) is of general interest since it will provide vital information on the spatial distribution of elastic strain, fluctuations of alloy components, interface roughness, etc [1, 2] . In particular, visualization of weak confinement potentials will enable us to detect disorder and impurities at the single-atom level. Photoluminescence (PL) spectroscopy with a near-field scanning optical microscope (NSOM) is promising tool for measuring the physical shape and potential profile of QDs [3, 4] , since it combines the nondestructive nature of optical microscopy with high spatial resolutions that far exceed the diffraction limit of light. So far we have realized real-space mapping of the wavefunctions of excitons and biexcitons confined in an interface fluctuation QD (IFQD) [5] , which is a monolayer-high island formed in a narrow quantum well (QW) [6] .
In this presentation, near-field imaging spectroscopy was employed to visualize the wavefunctions of an exciton and a biexciton confined in a single IFQD [7] . We found a significant difference in the spatial PL maps between the exciton and biexciton emissions for several IFQDs. In order to gain a quantitative understanding of the difference, the wavefunctions of an exciton and a biexciton confined in an IFQD with an irregular potential profile were calculated numerically using the finite-difference time-domain (FDTD) method [8, 9] . We found that the shallow potential dip contributed to the unusual difference in the PL images.
Measurement
We investigated single IFQDs by using NSOM with a spatial resolution of 40 nm. The sample was illuminated with a 633-nm He-Ne laser light through the probe aperture. PL from a single IFQD was also collected through the same aperture and transported to a 30-cm spectrometer. The signal was detected by a liquid-nitrogen-cooled charge-coupled device. Local near-field PL spectra were measured across a 260 nm × 260 nm area at intervals of 13 nm. All the measurements were performed at 10 K. A 5-nm (17-21 monolayers) GaAs single quantum well (SQW) which was grown by molecular beam epitaxy was used as sample. The GaAs SQW was sandwiched between an AlAs substrate and a 15-nm-thick Al0.3Ga0.7As barrier layer and the barrier layer was capped with a 5-nm-thick GaAs layer. The IFQDs were typically 100-150 nm in size.
Figure 1(a) shows a near-field PL spectrum from a single IFQD. With relatively intense excitation, two emission peaks appeared at 1.5906 eV (denoted by X) and 1.5882 eV (BX). To confirm the origin of these emissions, we measured the dependence of the emission intensities on the excitation power. As shown in Fig. 1(b) , the emission intensity of BX increases quadratically with that of X. Figures 1(c) and (d) are two-dimensional PL intensity maps with respect to the emissions X and BX, respectively. The size of the emission profile of BX appears to be smaller than that of X. These results agree with previous experimental measurements made by us and it has been theoretically explained in terms of the interaction of light with excitons at the nanoscale. The emission profile of the biexciton emission is determined by the overlap integral of the biexciton and exciton envelope functions. Since the biexciton envelope function is more strongly localized than the simple product of two exciton envelope functions, the emission profile of a biexciton should be always smaller than that of an exciton. More intuitively, the difference can be attributed to the difference in the masses of the exciton and the biexciton, and thus the emission profile of the biexciton shrinks approximately isotropically with the difference in the penetration length of the wavefunction into the barrier. This isotropic shrinkage of the biexciton emission profile holds for the general case of irregularly shaped IFQDs.
FDTD-Q Simulation
In contrast to the above result, in some cases we observed anisotropic shrinkage of the biexciton emission profile (i.e., displacement of the center of the biexciton profile with respect to that of the exciton) as shown in Figs. 1(e) and (f). This result is an indication of a more complicated energy depth profile (and not lateral shape) of an IFQD rather than an ideal atomically flat IFQD. To interpret this result, we calculated the center-of-mass wavefunctions of an exciton and a biexciton confined in an IFQD for several irregular energy depth profiles. We employed a FDTD method for quantum systems (FDTD-Q) to calculate wavefunctions numerically. We treated an exciton as a quasiparticle with a mass of 0.30 m 0 (m 0 being the free electron mass), which is the sum of the electron mass (0.067 m 0 ) and the hole mass (0.23 m 0 ) in GaAs. Similarly, a biexciton was treated as a single quasiparticle whose mass is twice the single exciton mass. The depth of the confinement potential was 5 meV, which corresponds to the difference in the confinement energies of QWs with thicknesses of 18 and 19 monolayers. Figure 2(a) is a model potential profile for an atomically flat (and energetically flat) IFQD. Calculated wavefunctions for the exciton and the biexciton are shown in Figs. 2(b) and (c), respectively. As mentioned above, the emission profile of biexciton shrinks isotropically with respect to that of exaction. In Fig. 2(d) , we introduced a shallow potential dip at a position displaced from the center of the ellipsoid IFQD. The depth of this potential dip was 0.3 meV. In this case, anisotropic shrinkage of the biexciton wavefunction was obtained (see Figs. 2(e) and (f)). The difference in mass and the resultant difference in confinement energy effectively contributed to the significant displacement in the center of the biexciton wavefunction profile. For a deeper potential dip with a depth of 1 meV (Fig. 2(g) ), both the exciton and the biexciton are strongly confined in the potential dip and its isotropic nature appeared again. From these results, anisotropic shrinkage of the biexciton wavefunction provides an effective indication of the existence of a shallow localized potential. Local fluctuation of the QW width and/or barrier alloy composition may produce a shallow disorder potential.
Conclusions
Significant displacement of the center of emission profiles was found, in contrast to the usual difference in the emission profiles of an exciton and a biexciton. By conducting a numerical calculation, such a displacement could be reproduced by introducing a shallow potential dip, which causes a significant difference in the penetration of the wavefunctions into the barrier. Precise mapping of exciton and biexciton wavefunctions of quantum-confined structures will provide a new probe for weakly localized states due to local strain and disorder. 
